We have previously characterized an influenza A (HlNl) virus which has host-dependent growth and receptor binding properties and have shown that a mutation which removes an oligosaccharide from the tip of the hemagglutinin (HA) by changing Asn-129 to Asp permits this virus to grow to high titer in MDBK cells. (C. M. Deom, A. J. Caton, and I. T. Schulze, Proc. Natl. Acad. Sci. USA 83:3771-3775, 1986). We have now isolated monoclonal antibodies specific for the mutant HA and have used escape mutants to identify alterations in HA sequence which reduce virus yields from MDBK cells without reducing those from chicken embryo fibroblasts. Two types of escape mutants which grow equally well in chicken embryo fibroblasts were obtained. Those with the parent phenotype contain Asn at residue 129 and are glycosylated at that site. Those with the mutant phenotype are unchanged at residue 129 but have a Gly to Glu substitution at residue 158, which is close to residue 129 on the HAl subunit. Binding assays with neoglycoproteins containing N-acetylneuraminic acid in either a2,3 or at2,6 linkage to galactose showed that the MDBK-synthesized oligosaccharides at Asn-129 reduce binding to both of these receptors, leaving the HA's preference for a2,6 linkages unchanged. Glu at residue 158 greatly reduces binding to both receptors without reducing virus yields from MDBK cells. We conclude that changes in the receptor binding properties of the HA can result either from direct alteration of the HA protein by host cell glycosylation or from mutations in the HA gene and that these changes generate heterogeneity that can contribute to the survival of influenza A virus populations in nature.
The influenza virus hemagglutinin (HA) is a trimeric glycoprotein which mediates both the attachment of virions to the surface of host cells and the subsequent fusion of viral and endocytotic vesicle membranes by which the transcription complex of the virus enters the cytoplasm of the host cell. It is also the virion surface protein against which neutralizing antibodies are made. The three-dimensional structure of the trimer has been determined (38) , so that the regions involved in its biological functions can be identified.
A receptor-binding site, consisting of a shallow pocket into which sialic acid (SA) can be inserted, is present on the distal end of each of the three subunits which form the trimer (37, 38) . The interaction of this site with SA-containing receptors on the surface of host cells is in part responsible for the host range of influenza viruses. This interaction is highly specific and can apparently be affected by the amino acid sequence in the vicinity of the receptor-binding pocket (6, 26, 34, 36) , by the number and position of N-linked oligosaccharides on the tip of the HA (8, 24, 29) , and by the host-determined properties of these oligosaccharides (5, 8, 9) .
In an effort to expand our understanding of the role of these factors in determining the host range of the influenza A viruses, we have undertaken an investigation of mutations in the HA gene which affect receptor-binding function in a host-dependent manner. In previous work we characterized a substrain of influenza A (HlNl) virus which is restricted in its ability to grow in Madin-Darby bovine kidney (MDBK) cells although it grows well in chicken embryo fibroblasts (CEF) (5, 8) . We showed that the HAl subunit of this virus * Corresponding author.
has five glycosylation sequons, two of which are on the tip of the HA, one at amino acid 129 and a second at 184. Furthermore, mutations which remove one oligosaccharide from the tip of the HA by changing Asn-129 to Asp altered the plaque type and enhanced the ability of the mutant virus to bind to and grow in MDBK cells without changing its ability to bind to and grow in CEF. The experiments suggested that the MDBK-synthesized oligosaccharides at both positions 129 and 184 on the tip of the HA reduced the ability of the virus to bind to MDBK cells.
The experiments reported here were designed to confirm our previous findings and to determine whether the addition of a glycosylation site was required or whether other amino acid substitutions in the immediate vicinity of residue 129 would alter virus growth potential in a host-dependent manner. We postulated that monoclonal antibodies (MAbs) which neutralize the mutant but not the parent virus would select mutants with amino acid substitutions in the immediate vicinity of residue 129, independent of whether they exhibited a revertant phenotype. To this end, we have isolated MAbs which react with an epitope which includes Asp-129 of the mutant HA and have isolated spontaneous MAb-resistant mutants (MARMs) from the mutant virus population. We present here the molecular and biological properties of these MARMs, including their ability to bind to highly defined neoglycoproteins containing a single kind of SA in either ot2,3 or a2,6 linkage to galactose. primary CEF, obtained from 8-to 10-day-old embryos, were grown as described previously (5, 20) .
Preparation and assay of viruses. The viruses used in this study are all variants of the WSN strain of influenza A (H1N1) virus which we have previously characterized (5, 8, 19, 20) . Their properties are summarized in Table 1 . Stocks of these viruses and of the MARMs isolated in this investigation were prepared by growing progeny from well-isolated plaques in CEF cells (5) . Virus populations from MDBK or CEF cells were prepared from these stocks and purified as described by Pons and Hirst (21) .
Plaque assays, hemagglutination assays, and hemagglutination inhibition (HI) tests were carried out as described previously (5, 19, 20) (17) as described previously (16, 32) . The hybridomas obtained from these fused cells were screened by ELISA and HI, and clones which produced HA-specific antibodies were subcloned three times to ensure stability and purity.
To obtain ascites fluid, mice were injected intraperitoneally with approximately 107 hybridoma cells 1 week after the injection of 0.5 ml of 2,6,10,14-tetramethylpentadecane (Pristane; Pfaltz and Bauer Inc., Stamford, Conn.). Ascites fluid harvested 1 week later was centrifuged at 2,000 x g for 10 min, aliquoted aseptically, and stored at -20°C. MDBK cells and CEF. These results suggested that the epitope recognized by these MAbs consists of amino acids that are successive in the primary structure of the HAl and indicated that they could be used to identify the HAl subunits from any of the WSN variants following separation of the viral proteins by SDS-PAGE.
MAb 79AD8, one of the three MAbs which reacted with the mutant but not the parent virus, reacted with the mutant HA in its native state only (Fig. 1B) . Thus, the site recognized by these MAbs appeared to be a conformational epitope. This recognition site was further characterized by using the other WSN variants described in Table 1 . As shown in Fig. 2 nutrient medium containing agar and incubated for plaque development. Well-isolated plaques of both types were picked and stored at -70°C. All plaques which were retested for sensitivity to MAb 79AD8 proved to be resistant.
Three selections were carried out, each of which was started from a separate plaque-isolated MDBK-grown preparation of Cf1. In each experiment the two plaque types were observed at about the same frequency among the escape mutants. The frequency of mutation to antibody resistance was similar in each experiment (1.7 x 10-6 to 3.3 x 10-6) and was comparable to that reported previously for the Sa antigenic site of Hi strains (11) .
Biological and structural characterization of MARMs. Five plaques, three fuzzy and two clear, were isolated for further study. In order to avoid the characterization of sister mutants, only one plaque of each type was used from each of the three experiments. The biological properties of these isolates were compared with those of the original parent virus and of the mutant from which they were obtained. Those MARMs with fuzzy plaques (Fa-1 to Fa-3) exhibited the same restricted growth and ability to produce cytopathic effects in MDBK cells as was observed with the parent virus, Fo (Table 2 ). In addition, the hemagglutinating activity of the (5) .
The MARMs which had clear plaques (Ca-1 and Ca-2) were highly similar in growth properties and hemagglutinating activity to the mutant from which they were derived ( Table 2 were observed in any of the MARMs. Western blots of the viral proteins separated by SDS-PAGE revealed that the HAl subunits of Fa-1 and Fa-2 were equal in size to those of the original parent virus, indicating that the reinstated sequon at residue 129 is glycosylated (Fig.  3) . As expected from their biological properties, the subunits of Ca-1 and Ca-2 were the same size as that of the mutant from which they were derived.
Relative binding affinities of the MARMs for sialoglycoconjugates. To further investigate the receptor-binding properties of the MARMs, we tested their ability to bind to neoglycoproteins containing SL covalently linked to HSA (see Materials and Methods). This assay permits measurement of binding of virus to either a2,3 or (x2,6 SA-galactose sequences in the complete absence of other sialylated molecules and is sensitive enough that it can be carried out with small amounts of virus. Figure 4A shows the interaction of the parent (FO) and the mutant (Cf1) viruses with SL-HSA containing Neu5Aca2, 3Gal and Neu5Acot2,6Gal. The data confirmed our previous observation that both viruses bound preferentially to Neu5Aca2,6Gal on derivatized erythrocytes (5). In addition, Cf -1 exhibited substantially greater binding to both sialylated neoglycoproteins than Fo. This was expected from our previous observation that the MDBK-grown mutant virus had a greater affinity for MDBK cell receptors than did the parent virus (5). Figure 4B shows the binding of Cf1 and two of the MARMs derived from this virus to the two sialylated neoglycoproteins. MARM Fa-1 exhibited receptor-binding properties similar to those of Fo. Thus, restoration and glycosylation of the sequon at Asn 129 reduced the affinity for both sialylated neoglycoproteins to that observed with the original parent virus. In contrast, MARM Ca-1, which was unchanged in growth properties but has an amino acid substitution at residue 158, did not resemble the mutant virus in binding properties. Rather, it showed binding properties highly similar to those of Fo (Fig. 4B) . Thus, when SL containing Neu5Aca2,3Gal or Neu5Acox2,6Gal was the only sialylated molecule presented to these viruses, little binding was observed, although these viruses bound well to erythrocytes, grew to high titer in MDBK cells, and destroyed virtually all of the cells within an infected culture ( Table 2 ). The results indicate that the Gly to Glu substitution at residue 158 causes a change in receptor affinity or specificity which can easily be detected by using highly defined binding substrates but which does not alter the ability of the virus to grow in MDBK cells.
DISCUSSION
The MARMs which we have obtained by using an MAb directed to amino acid 129 of the HAl subunit fall into two categories, those with a phenotype identical to that of the original parent, Fo, and those which have retained the growth properties of the mutant (CO) virus from which they were derived. The MARMs from the first category are true revertants in which the glycosylation site at position 129 on the HAl subunit has been restored. Those in the second category are not phenotypic revertants and are not glycosylated at that site. They have escaped neutralization because of a Gly to Glu substitution at residue 158. Figure 5 presents an ox-carbon tracing of the HA subunit based on the three-dimensional structure of the H3 HA (38) . This structure shows the proximity of residue 158 to those which constitute the glycosylation site at 129. The proximity of these residues to each other in the strains characterized here is also indicated by the fact that recognition by a single MAb is affected by amino acid substitution at either residue 129 or 158 and that denaturation of the Cf HA abolishes recognition. Thus, an amino acid substitution in the immediate vicinity of residue 129 which does not reinstate the glycosylation sequon changes its antigenic properties but does not reduce the ability of the virus to grow in MDBK cells. These observations clearly implicate glycosylation at [3] .) Alternatively, the amount of NeuSAc-containing sialoglycoconjugates on the surface of MDBK cells could be sufficiently high so that HAs with low affinity for this type of SA could still bind. Such an explanation is, however, hard to reconcile with the fact that Fo exhibits low binding to MDBK cells (5) and that the Fo and Ca viruses have about the same affinity for Neu5Ac-containing glycoconjugates, as judged by their ability to bind to the neoglycoproteins used here (Fig. 4) .
Gly to Glu substitutions at amino acid 158 in HAl have been observed repeatedly during selection of MAb-resistant strains from H3 virus populations and have been isolated as natural antigenic variants of H3 HAs (6, 7, 31) . This substitution is apparently important in determining whether certain Hi and H3 strains can bind to receptors on host cells. In the A/NJI11/76 (H1N1) strain of swine virus, it is associated with a change from the L to the H phenotype, a change which is characterized by increased virus yields in chicken embryos and MDCK cells and reduced replication in the natural host (1, 13-15 ). An X-31 (H3N2) variant with this substitution and with a deletion of residues 224 to 230 was found to have a slight decrease in affinity for Neu5Aca2,6Gal and an increase in affinity for Neu5Aca2,3Gal when modified erythrocytes were used as receptors (7) . Lastly, MAb- 
